ABSTRACT: The ubiquity of vanadium oxo complexes in the V+ and IV+ oxidation states has contributed to a comprehensive understanding of their electronic structure and reactivity. However, despite being predicted to be stable by ligand-field theory, the isolation and characterization of a well-defined terminal mononuclear vanadium(III) oxo complex has remained elusive. We present the synthesis and characterization of a unique terminal mononuclear vanadium(III) oxo species supported by the pentadentate polypyridyl ligand 2,6-bis The vanadium(III) oxo species is unreactive toward H-and O-atom transfer but readily reacts with protons to form a putative vanadium hydroxo complex. Computational results predict that further one-electron reduction of the vanadium(III) oxo species will result in ligandbased reduction, even though pyridine is generally considered to be a poor π-accepting ligand. These results have implications for future efforts toward low-valent vanadyl chemistry, particularly with regard to the isolation and study of formal vanadium(II) oxo species.
ABSTRACT: The ubiquity of vanadium oxo complexes in the V+ and IV+ oxidation states has contributed to a comprehensive understanding of their electronic structure and reactivity. However, despite being predicted to be stable by ligand-field theory, the isolation and characterization of a well-defined terminal mononuclear vanadium(III) oxo complex has remained elusive. We present the synthesis and characterization of a unique terminal mononuclear vanadium(III) oxo species supported by the pentadentate polypyridyl ligand 2,6-bis [1,1-bis(2-pyridyl) 2+ (2). The metal-centered one-electron reduction of this vanadium(IV) oxo complex furnishes a stable, diamagnetic [V III (O)(PY5Me 2 )] + (3) species. The vanadium(III) oxo species is unreactive toward H-and O-atom transfer but readily reacts with protons to form a putative vanadium hydroxo complex. Computational results predict that further one-electron reduction of the vanadium(III) oxo species will result in ligandbased reduction, even though pyridine is generally considered to be a poor π-accepting ligand. These results have implications for future efforts toward low-valent vanadyl chemistry, particularly with regard to the isolation and study of formal vanadium(II) oxo species.
■ INTRODUCTION
Vanadium oxo complexes represent one of the most ubiquitous classes of metal oxo functionalities and have found diverse and widespread utilization in fields ranging from bioinorganic chemistry to heterogeneous and homogeneous catalysis. Our mechanistic understanding of vanadium haloperoxidases has relied heavily on spectroscopic and structural studies of the imidazolium-coordinated vanadate active site. 1 Vanadium oxo complexes also have demonstrated efficient catalytic oxidase reactivities in a diverse array of transformations (Scheme 1, left), including olefin epoxidations, 2 aromatizations of α,β-unsaturated cyclohexanone derivatives, 3 alcohol oxidations, 4 C−C bond cleavages of glycols to the corresponding ketones, 5 naphthol couplings, 6 and α-oxidation of hydroxyl esters and amides. 7 Hanson and co-workers have recently reported both the application and mechanism of vanadium-catalyzed oxidative degradation of lignin model complexes, 5 and the employment of appropriate ligand scaffolds has been shown to facilitate stereoselective couplings and catalytic resolutions of racemic mixtures of alcohols. 8 In contrast to the oxidative reactions listed above, Son and Toste recently disclosed a formally nonoxidative C−O bond cleavage employing a V V (O) catalyst supported by a tridentate Schiff base ligand. 9 In terms of reductive chemistry, Anson and co-workers have established that vanadium oxo complexes are key intermediates in electrocatalytic dioxygen reduction systems based on vanadium salen platforms. 10 As a result of the universality and stability of vanadium oxo species, the electronic structures of vanadyl complexes of vanadium(IV) and (V) have been studied in detail and can be understood in terms of ligand-field theory, as outlined in a classic study by Ballhausen and Gray.
11 Scheme 1 (right) shows the expected molecular orbital (MO) diagram for the d 2+ core is expected to populate the nonbonding V d xy orbital, yielding a low-spin (S = 0) vanadium(III) oxo system with unaltered V−O bond multiplicity. However, to the best of our knowledge, the isolation and characterization of a discrete terminal mononuclear vanadium(III) oxo species has not been reported.
Indeed, the [V(O)]
+ species has been implicated in catalytic systems reported by Son and Toste, 9 Barhate and Chen, 6 and Hanson and co-workers, 5a but the involvement of such species has relied either on indirect electron paramagnetic resonance (EPR) ■ RESULTS AND DISCUSSION Synthesis and Characterization. Building on previous work from our laboratory on the development of robust coordination complexes supported by polypyridine ligands for hydrogen evolution catalysis 12 and dye-sensitized solar cell electron-transfer shuttles, 13 we reasoned that pentadentate platforms would allow for the isolation and characterization of unique vanadyl species with approximate C 4v symmetry. Complexation of the 2,6-bis [1,1-bis(2-pyridyl) 14 The V−N bond lengths are consistent with a high-spin electron configuration; this formulation is supported by B3LYP density functional theory , respectively ( Figure S3 in the SI). The UV−visible spectrum displays a broad, weak band centered at 750 nm that presumably encompasses the 2 B 2 → 2 E transition; this assignment is supported by computations (773 nm; Table S2 in the SI; CASSCF). The 2 B 2 → 2 B 1 transition is dipole-forbidden in the C 4v point symmetry but can gain vibronic intensity; charge-transfer bands become apparent at wavelengths of less than 400 nm ( Figure S4 in the SI). The EPR spectrum of 2 displays the expected eight-line hyperfine splitting because of the I = The IR spectra of 3 and its
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O-isotopomer reveal stretches at 929 and 895 cm −1 , respectively ( Figure S5 in the SI). Notably, the shift in energy observed on going from 2 to 3 agrees with the increase in the V−O bond length observed upon reduction. The UV−visible−near-IR (NIR) spectrum of 3 shows transitions at 1065, 710, and 600 nm and a shoulder at 495 nm ( Figure S6 in the SI). Compound 3 is diamagnetic, as evidenced by its solution 1 H NMR spectrum (see the Experimental Section).
Attempts to extend the crystallographic series to include putative oxidized "V V " or reduced "V II " species were unsuccessful. No reaction was observed when 2 was exposed to strong oxidants such as NO + , and efforts to metalate PY5Me 2 with vanadium(V) oxo starting materials resulted in the isolation of 2. These observations suggest that a PY5Me 2 -
3+ complex would be a powerful oxidant. Such oxidative behavior could be attributed to the PY5Me 2 ligand potentially being π-accepting from the d xy orbital. Furthermore, the electrochemical results shown in Figure 2 suggest that the one-electron reduction of 3 is chemically reversible on the time scale of the cyclic voltammetry experiment. However, repeated attempts to isolate the neutral [V II (O)PY5Me 2 ] (4) species have been unsuccessful to date. As discussed in the following, we utilized DFT and ab initio computational studies to interrogate the electronic structure of this unprecedented, highly reduced metal oxo entity.
Computational Studies. The crystallization of 2 and 3 offers a unique opportunity to examine the electronic structure of a terminal [V III (O)] + and compare it with that of the [V
IV (O)]
2+ moiety in an identical ligand environment. The V− ligand atom distances obtained from DFT geometry optimizations for 2 and 3 utilizing the B3LYP functional (and BP86; see the SI) agree well with the crystallographically determined bond lengths (Table 1) , with agreement between the experimental and theoretical V−O and V−N eq bond distances in favor of BP86 compared to B3LYP (Tables S9 and  S10 in the SI). However, V−N bond distances trans to V−O are overestimated by 0.041−0.071 Å in both methods.
For complex 2, Loẅdin spin-population analysis from DFT (B3LYP ; Table 2 ) and CASSCF (Table S8 in the SI) and spin- ). An analysis of A in terms of Fermi contact, spin-dipolar, and spin− orbit coupling energies show that the latter yield only 6% to the total A (Table S11 in species in tetrapodal ligand fields. In accordance with the diamagnetic 1 H NMR solution spectrum of 3 at room temperature, the S = 0 ground state of 3 is consistently favored by both DFT (5.26 and 7.66 kcal/mol for B3LYP and BP86; Table S3 in the SI) and CASSCF/NEVPT2 (5.91 kcal/mol; Table S8 in the SI) computations. As in 2, the electron density is largely located on the vanadium-based d xy orbital but with some spin density delocalized on the π* orbitals of the axial pyridine fragment ( Figure S7 in Figure S10 in the SI), the oxidation state of vanadium cannot be described as +II. Instead, it is predicted that V−O bonding interactions are stabilized by V−N py π interactions, which allow for charge transfer, corresponding to one (CASSCF) or two (DFT/B3LYP) electrons from vanadium to the pyridine π* system of the ligand. ) and a single spin contained within π* orbitals of the axial pyridine (CASSCF/ NEVPT2) moiety (Figure 3 ). These computational findings suggest that the V III ion in 3 is in the lowest possible metal oxidation state for the PY5Me 2 V−O series.
Even though pyridines are commonly considered poor π acceptors, it is obvious from the foregoing discussion that V−py π interactions can be significant and lead to charge transfer to prevent the formation of a [V II (O)] species. In order to analyze these interactions further, we also studied the chemical bonding in the homoleptic series of complexes [V(py) 6 ] q (q = 4+, 3+, 2+, and 0; Figure S11 and Table S6 in the SI); V−N bond distances and Loẅdin spin populations from B3LYP geometry optimizations for this series are listed in Tables 1 and 2 ), in which the pyridine ligands now act as π acceptors (Table 2 ). In contrast, the presence of the strong oxo ligand in 2 and 3 causes an increase of V−py π-
Interestingly, a ground-state charge transfer from V to ligand π* orbitals, similar to the one proposed for 4, is also apparent for [V(py) 6 ]. Because the e(d xz ,d yz ) metal orbitals become comparable in energy with the e(π*) pyridine MOs, two electrons are transferred from V to py to form a high-spin vanadium(III) (d 3 , S = 3 / 2 )−pyridine biradical (S = 1) pair (Table 2 and 2+ species. Accordingly, it was found to be unreactive toward O-atom acceptors such as triphenylphosphine, HAT reagents such as cyclohexadiene and dihydroanthracene, and strong acids.
Compound 3 also proved to be unreactive toward HAT reagents. No OAT reactivity was observed upon exposure of 3 to excess triphenylphosphine at 70°C over 20 h, suggesting that 3 is best described as a nucleophilic metal oxo species. Indeed, the nucleophilic nature of 3 is further corroborated by the rapid reaction of electrochemically generated 3 with acids of varying strengths ( Figure 5 ). The addition of acid triggers a rise in the current at potentials positive of the V IV/III (O) reduction potential. As the acid strength increases, the reversibility of the V IV/III (O) redox couple is lost until an irreversible wave with a E pc ∼ −510 mV vs Fc/Fc + appears. Comparison of the integrated cathodic peak areas obtained in the presence and absence of 1 equiv of acid relative to 2 reveals an approximate 2:1 electron/proton ratio, suggesting the electrochemicalchemical-electrochemical (ECE) process described in eq 1. (Tables 1 and 2 ). Protonation is predicted to cause a spin state change to S = 1 (Table S7 in the SI). Accordingly, the much weaker trans influence imparted by a hydroxo ligand compared to an oxo ligand causes the V− N py (ax) bond distance to be shortened by ∼0.16 Å upon protonation of 3. It is interesting to compare these results to the reported observations for the related molecular proton reduction catalyst [ (PY5Me 2 
(OH)]
2+ can be considered a protonated Mo-oxo species, the less diffuse valence d orbitals of V (compared to Mo) result in weaker M−O bonding interactions and render 5 a vanadium(III) hydroxo complex. This significant difference in the electronic structure of the reduced− protonated species may lead to a new mechanistic route for metal oxo catalyzed proton reduction reactions, a concept that is currently under investigation.
■ CONCLUDING REMARKS
Utilization of the pentapyridine ligand PY5Me 2 allowed for preparation of the corresponding vanadyl complex 2 featuring a [V IV (O)] 2+ unit. One-electron reduction of 2 yields diamagnetic 3, which constitutes the first example of an isolated monomeric [V III (O)] + species. Compounds 2 and 3 are unreactive toward both OAT and HAT reagents, but 3 is reactive to protonation to generate vanadium hydroxide species. Interestingly, electrochemical data indicate that the neutral [(PY5Me 2 )V(O)] complex 4 could also be accessible, but computational results predict that 4 will not feature the anticipated d 3 [V II (O)] unit but rather that the transfer of one (CASSCF) or two (DFT) electrons from vanadium to the π* system of the ligand is energetically favored. These results indicate that the [V
III (O)]
+ unit within 3 likely constitutes the lowest possible valence for vanadium within a vanadium oxo group stabilized by π-accepting ligands. The combined experimental and computational findings have implications for invoking low-valent vanadium oxo species in a diverse range of catalytic transformations.
■ EXPERIMENTAL SECTION
General Details. Unless otherwise stated, all manipulations were performed in a Vacuum Atmospheres model glovebox under an atmosphere of purified dinitrogen. Solvents were obtained anhydrous and oxygen-free from a Vacuum Atmospheres Solvent Purification System or by analogous methods. Celite, molecular sieves, and alumina were dried by heating at 200°C under a dynamic vacuum for at least 24 h prior to use. All glassware was oven-dried at temperatures greater than 170°C prior to use. The ligand PY5Me 2 and V(NCCH 3 ) 6 (OTf) 2 were prepared according to literature procedures; 22 all other materials were purchased and used as received. UV−visible spectra were recorded on a Hewlet-Packard 8452A photodiode array spectrometer. IR spectra were acquired on a Bruker Alpha Fourier transform infrared specrophotometer using a diamond ATR accessory. Cyclic voltammetry experiments were carried out using BASI's Epsilon potentiostat. A glassy carbon working electrode and silver (reference) and platinum (auxiliary) wire electrodes were used for cyclic voltammetry experiments in acetonitrile with Bu 4 NPF 6 as a supporting electrolyte.
Ferrocene (E Fc + /0 = 0.64 V vs SHE) was added during each experiment as an internal reference. Carbon, hydrogen, and nitrogen elemental analyses were obtained from the Microanalytical Laboratory at the University of California, Berkeley.
1 H NMR spectra were obtained using an AVANCEIII 500 instrument. X-band EPR spectra of 2 were acquired using a Bruker ELEXSYS spectrometer.
Crystal Structure Determinations. Data collections were performed on single crystals coated with Paratone-N oil and mounted on Kaptan loops. The crystals were frozen under a stream of dinitrogen (100 K; Oxford Cryostream 700) during measurements. Data were collected using a Bruker APEX-II QUAZAR diffractometer equipped with a Microfocus Sealed Source (Incoatec ImS; Mo Kα, λ = 0.71073 Å) and an APEX-II detector (NIH Shared Instrumentation; Grant S10-RR027172). Raw data were integrated and corrected for Lorentz and polarization effects using Bruker APEX2 v2009.
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Absorption corrections were applied using SADABS. 24 Space group assignments were determined by examination of systematic absences, E statistics, and successive refinement of the structures. Structures were solved using either the Patterson method (1 and 3) or direct methods (2) and refined by least-squares refinement on F 2 followed by difference Fourier synthesis. 25 All H atoms were included in the final structure factor calculation at idealized positions and were allowed to ride on the neighboring atoms with relative isotropic displacement coefficients. Thermal parameters were refined anisotropically for all non-H atoms. Data refinement was standard with the following exemptions: Both , 47.54; H, 3.39; N, 10.08. Found: C, 47.18; H, 3.01; N, 9.91 .
Synthesis of [V(O)(PY5Me 2 )](OTf) 2 (2). Two methods proved to be viable synthetic routes. In the first route, a dark-red solution of 1 (50.0 mg, 0.060 mmol) in 5 mL of MeCN was exposed to O 2 with stirring for 15 h. The light-green solution was concentrated and recrystallized via Et 2 O diffusion (36.4 mg, 0.045 mmol, 75%). In the second route, a solution of [V(PY5Me 2 )(MeCN)](OTf) 2 (100 mg, 0.120 mmol, 1 equiv) was exposed to PhIO (34.0 mg, 0.156 mmol, 1.3 equiv) in acetonitrile under a dinitrogen atmosphere. The initially dark-red solution changed to light green. Crystals suitable for XRD were grown via Et 2 O diffusion into a concentrated MeCN solution of 2 (89.3 mg, 0.110 mmol, 92%). Anal. Calcd for C 34 H 28.5 F 6 N 6.5 O 7 S 2 V (2·1.5CH 3 CN): C, 46.93; H, 3.51; N, 10.46. Found: C, 47.39; H, 3.27; N, 10.49 .
Synthesis of [V(O)(PY5Me 2 )](OTf) (3). A solution of 2 (100 mg, 0.123 mg, 1 equiv) was exposed to cobaltocene (30 mg, 0.160 mmol, 1.3 equiv) in 5 mL of MeCN under a dinitrogen atmosphere. The initial green solution immediately turned dark blue. After stirring overnight, the reaction mixture was dried in vacuo, and the resulting dark residue was titurated with tetrahydrofuran (THF; 20 mL) for 24 h. The suspension was filtered, and the dark-blue powder washed with a copious amount of THF until the filtrate ran clear. Computations and Ligand-Field Analysis. All calculations were carried out employing the ORCA program suite.
26 DFT geometry optimizations were performed using the B3LYP and BP86 exchangecorrelation potentials and def2-TZVP ZORA basis sets. To speed up the B3LYP geometry optimizations, the resolution of identity (RI) "chain-of-spheres exchange (COSX)" (RICOSX) algorithm, 27 together with the split-RI-J procedure 28 (a density-fitting variant) for computation of the Coulomb matrix elements, was used along with a modest angular grid (default value Grid3). To ensure a reliable accuracy, optimized geometries and wave functions from these calculations were used as input in refined geometry optimizations, making use of larger angular grids for the numerical integration (Grid6 for RI and Gridx7 for RIJCOSX).
Geometry optimizations using the complete active-space selfconsistent-field method (CASSCF) 29 were also performed. However, dynamical correlation, which is missing in the calculation of CASSCF energy gradients, resulted in geometries wherein equatorial V−N py bond distances were largely overestimated (by as much as 0. 15−0.20 Å) . Starting with the DFT/B3LYP-optimized geometries CASSCF and following N-electron valence second-order perturbation theory (NEVPT2) 30 calculations were carried out by initially distributing n electrons on five orbitals that were assumed to be dominated by the V 3d functions (V z , n = 1−3 for z = IV, III, and II, respectively). To this end, an initial guess for the electron density (starting with the default "PModel" guess) was adopted in a state average CASSCF(n,5) calculation, where for the complexes of V III and V II state averaging was performed over both high-and low-spin states. Such a procedure ensures better CASSCF convergence than that in state-specific calculations. The resulting state-averaged orbitals were then utilized in a second step in state-specific ground-state calculations. Inspection of the orbitals from state-average CASSCF calculations leads to the following observation: orbitals within the active space were dominated by V 3d functions for both the X-ray and B3LYP DFT-optimized geometries of complexes 2 (V IV d 1 ) and 3 (V III d 2 ). In marked contrast, for 3 (BP86-optimized geometry) and 4, only three orbitals (out of the five orbitals in the active space) were dominated by the V 3d functions; the other two orbitals turned into the pyridine π* type. Extensions of the active space with four more orbitals, the doubly occupied O π(p x , p y ) and the ligand counterparts of the d x 2 −y 2 and d z 2 orbitals for 2 and 3, did not lead to changes either in the relative energies of the alternative spin ground states or in the spin distributions, as deduced from Loẅdin spin populations. It follows from natural orbital populations that the ground states of all three complexes are to good approximations of the single-reference type. Taking, for example, the S = 1 ground state of 3, the natural orbital occupation vector (2, 2, 2, 2, 0.987, 0.987, 0.013, 0.013, 0.000) from a CAS(2,5) calculation did not change when extending the active space to CAS(10,9) (2.000, 1.999, 1.999, 1.999, 0.987, 0.987, 0.013, 0.013, 0.000) . These results justify the use of single-reference DFT for the considered complexes.
State-average CASSCF/NEVPT2 calculations showed well-defined d 1 (V IV , 2) and d 2 (V III , 3) type multiplets to afford a characterization of the metal−ligand V−O and V−N interactions using ligand-field analysis. To this end, we adopted the angular overlap model 31 and adjusted its parameters from a best fit to the 5 × 5 ligand-field matrices resulting from the ab initio calculations. To obtain these matrices, we applied our recently developed ab initio based ligand-field theory.
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This allows all parameters of the general (nonadditive) ligand field to be obtained using a one-to-one mapping of matrix elements of the ligand-field Hamiltonian (which depends linearly on these parameters) on the CASSCF and NEVPT2 results. In the angular overlap parametrization of the ligand field, we assumed oxygen as a linear ligator represented by two energy parameters, e σ (O) and e π (O), describing V−O σ and π antibonding, respectively. The V−py interactions were accounted for by two parameters, e σ (N py ) and e πs (N py ). These parameters describe the V−N σ and out-of-plane π bonding, where π interactions between V and N orbitals within the pyridine plane were neglected (e σ (N py ) = 0). The angular overlap matrices, depending linearly on these parameters, have been set up, making use of the angular geometries from the DFT-optimized structures. For 2 and 3, the angular overlap parameters for the V−O and V−N bonds were compared with bonding parameters for the hypothetical analogous isoelectronic [V(py) 6 ] 4+ and [V(py) 6 ] 3+ model complexes.
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